Abstract: A series of hyaluronan-heparin (HA-HP) hybrid hydrogels with an HP mass content from 1% to 10% were constructed by photo-crosslinking for the sustained delivery of growth factors (GFs) in soft tissue engineering. Glycidyl methacrylated HA (HAGMA) and glycidyl methacrylated HP (HPGMA) at a substitution degree of 33% and 17%, respectively, by 1 H nucleic magnetic resonance ( 1 H NMR) were synthesized and then used for gelation under ultraviolet radiation, followed by various characterizations, including elemental analysis, scanning electron microscopy (SEM), water swelling test, rheological analysis, and bone morphogenetic protein-2 (BMP-2) loading and delivery. The actual contents of HPGMA in HA-HP hydrogels were almost the same as their feeding ratios, indicative of a complete reaction by photo-crosslinking. The incorporation of HP into HA network gently influenced the morphology, water swelling property and rheological properties of hydrogels, but at 10% HP, it doubly increased the BMP-2 loading capacity to 65 ng/mg, alleviated the BMP-2 burst release to 40% within the initial 4 days and prolonged the BMP-2 sustained delivery to over 28 days. These results revealed that the long-term sustained delivery of BMP-2 from HA hydrogel could be achieved by conjugating HP into the crosslinked network with a controllable content.
Introduction
Hydrogels, a class of polymeric materials with threedimensional crosslink network, have been long received attention in regeneration medicine due to their swelling property, water retention, elasticity, and innate structural and compositional similarities to extracellular matrix [1] [2] [3] . Among numerous synthetic or natural hydrogel materials, hyaluronan (HA) is a natively found polysaccharide in many tissues contributing to cell proliferation and survival, and shows promising applications in soft tissue engineering, such as the regeneration of cartilage, skin and tendon, etc. [4] [5] [6] [7] . As a scaffold material for tissue regeneration, except the basic requirements on adequate mechanical property and good biocompatibility, the controlled release of growth factors (GFs) in favor of tissue regeneration is also necessary because of the in vivo short half-life of GFs [8] . However, because of lack of GFs binding domains in the HA molecules, the GFs controlled release of HA hydrogel still remains a challenge.
To realize the sustained delivery of GFs, several approaches have been attempted. The simplest way is physical entrapment of GFs within the hydrogel by mixing GFs with polymer matrix before gelation, but a typical rapid burst release of GFs by physical diffusion is inevitable in the early stage [9] . Another way is to covalently conjugate GFs to the matrix via a tether that can be cleaved hydrolytically or enzymatically so as to achieve a controlled release profile by local cellular activities [10, 11] ; however, chemical bonding may lead to permanent denaturation of GFs. Fortunately, secondary association based on the reversible/irreversible interaction between GFs and substrate via an intermediate group, e.g. heparin (HP) that has high affinity for basic GFs via primarily electrostatic interactions between N-and O-sulfated residues of HP and the lysine and arginine residues of GFs, is able to sequester them without denaturation [12, 13] . Additionally, HP contains a lot of highly reactive carboxyl groups available for chemical modification, e.g. the conjugation of HP on the surface of amine activated poly(L-lactide-co-glycolic) scaffold for the controlled release of bone morphogenetic protein-2 (BMP-2) in bone tissue engineering [14, 15] . In our previous study, by using a microemulsion system we have constructed HP-conjugated HA microgels that proved to efficiently prolong the delivery period of BMP-2 thanks to the interaction between HP and BMP-2 [16] . Therefore, this is expected to realize the GFs sustained release of HA bulk hydrogel as the scaffold material of soft tissue engineering by HP functionalization.
With respect to the fabrication approaches of HA bulk hydrogel, chemical crosslinking is mostly employed [17] , but the toxicity of residue crosslinkers is a critical issue. Another approach is ion crosslinking, but the risk of falling apart by heat or other replaceable ions is also unavoidable [18] . As compared, ultraviolet radiation, a crosslinking method suitable for carbon-carbon double bond, has been recently explored in the construction of biomedical hydrogel due to its simple operation, high reactive efficiency, and nontoxicity with very low photoinitiator concentration [19, 20] . In our previous work, we fabricated an HA bulk hydrogel by photo-crosslinking that was a simple method for gelation and avoided the use of toxic chemicals and organic solvents [21] . Based on our previous studies, here, an HA-HP hybrid bulk hydrogel by photo-crosslinking was newly designed as the scaffold material for the sustained delivery of GFs in soft tissue engineering. The glycidyl methacrylation of HA and HP was adopted to incorporate carbon-carbon double bonds via the reaction between the epoxy group in GMA and carboxyl group in HA or HP. The glycidyl methacrylated HA (HAGMA) and glycidyl methacrylated HP (HPGMA) were subsequently crosslinked to form HA-HP hybrid hydrogel under ultraviolet radiation. The substitution degree of GMA in HAGMA and HPGMA was characterized. The HP content, cross-section morphology, water swelling ratio, rheological properties, and loading capacity and delivery kinetics of BMP-2 of various HA-HP hydrogels with different HP contents were investigated in-depth. Here, BMP-2 was used as the model GF in consideration of its key role in cartilage regeneration.
Materials and methods

Materials
Sodium HA (M w , 1.5 MDa) was provided by Shandong Institute of Medical Instruments (Shandong, China). Sodium HP (M w , 15 kDa), glycidyl methacrylate (GMA), photo-initiator Irgacure 2959 (I2959) triethylamine, tetrabutylammonium and BMP-2 were purchased from Sigma-Aldrich (USA). All other reagents and solvents used were analytical grade.
Synthesis of HAGMA and HPGMA
The glycidyl methacrylation of HA was carried out following our previous work [21] . Briefly, 0.5 g HA was dissolved in deionized water to get a 0.2% g/ml solution. Subsequently, 0.14 ml triethylamine, 0.32 g tetrabutylammonium and 8.5 ml GMA (20-fold excess to the carboxyl group of HA) were in sequence added with stirring at ambient temperature. After reaction for 24 h, the mixture was dialyzed against 0.1 mol/l sodium chloride followed by deionized water for 5 days each. HAGMA was obtained after lyophilization at 0.5 mmHg for 48 h at -80°C. Similarly, the synthesis of HPGMA was performed using the same method as above.
Preparation of HA-HP hydrogel
The preparation of HA-HP hybrid hydrogel was carried out as Scheme 1. Briefly, 3% g/ml HAGMA aqueous solution was mixed with 3% g/ml HPGMA aqueous solution at different mass ratios of HA:HP, i.e. 100:0, 99:1, 95:5 and 90:10. Subsequently, a photoinitiator I2959 at a concentration of 0.1% g/ml was added. After thorough vortex mixing, the mixture was injected into a cylindrical mode (diameter × height = 8 mm × 5 mm) and then exposed to ultraviolet irradiation (365 nm, 15 kJ) for 15 min. The sample was removed from the mode and soaked in deionized water for 48 h to remove the unreacted monomers and initiator residue. Dry HA-HP hydrogel was obtained after dehydration in ethanol for 24 h followed by lyophilization. The gel content of HA-HP hydrogel was 3% in mass percentage. The obtained hydrogels were defined as HA, HA-HP-1%, HA-HP-5%, and HA-HP-10%, respectively, based on the increasing HP content. 
Characterizations
Elemental analysis
The sulfur content in HA-HP hydrogels was measured by elemental analysis with an elemental analyzer (Vario EL Elementar, Germany). The HP amount in HA-HP hydrogels was calculated based on the ratio of the sulfur element percentage in HA-HP hydrogel and HP.
Scanning electron microscopy observation
To observe the cross-section morphology of various HAbased hydrogels, the dry hydrogel specimens were swollen in water to equilibrium at room temperature, and then cut in half using a blade. Subsequently, the cut samples were frozen in liquid nitrogen for 2 h followed by lyophilization at 0.5 mm Hg for 48 h at -80°C. Finally, the cross-section morphology of various hydrogels with different HP contents was characterized by scanning electron microscopy (SEM, PHILIPS XL-30ESEM, Netherlands) using an accelerating voltage of 20 kV. Before SEM analysis, a gold layer was coated on the specimen surface by a sputter coater (BAL-TEC, SCD005, Finland).
Water swelling test
The water swelling ratios (R sw ) of various hydrogels were measured gravimetrically. Briefly, dry hydrogels were first weighed (M d ) and immersed in phosphate-buffered saline solution (PBS, pH 7.4) at 37°C. After equilibration for 24 h, the swollen hydrogels were removed, blotted with tissue for removal of excess water, and weighed (M s ) again. The R sw value was calculated based on the following equation:
Rheological properties
The rheological properties of various hydrogels were evaluated in a shear rheometer (Kinexus Pro, Malvern, England) with a 25 mm plate and a gap size of 1 mm at room temperature using a constant strain of 0.1% at 0.1-10 Hz.
Loading and delivery of BMP-2
The loading capacity and release profile of BMP-2 from various hydrogels were performed following our previous work [16] . Briefly, about 10 mg HA-HP hydrogels were soaked in 4 ml binding buffer ( 
For the further delivery of BMP-2, the medium was refreshed with equal volume PBS solution containing 100 U/ml PS and incubated at 37°C. At desired intervals, i.e. 2 h, 4 h, 8 h, 1 day, 2 days, 4 days, 7 days, 14 days, 21 days and 28 days, the supernatant was collected and the medium was refreshed. The amount of BMP-2 in the release medium was determined by ELISA assay. Figure 1 shows the 1 H NMR spectra of HA and HP before and after GMA modification. The proton at ~1.9 ppm assigned as H d was from the acetyl group of HA, and the protons at 3.3~3.9 ppm and 4.4~4.6 ppm were from H-2, 3, 4, 5, 6 and H-1 of HA, respectively. After glycidyl methacrylation, three new peaks appeared at ~1.85 ppm, ~5.6 ppm and ~6.1 ppm corresponding to H a , H b and H c in GMA, respectively, indicative of the successful incorporation of GMA into HA. Based on the relative integral intensity of H a , H b and H d , the GMA substitution degree was calculated to be 33% for HAGMA [8] . Similarly, for the spectrum of HPGMA (Figure 2 ), the new peaks at ~1.85 ppm, ~5.6 ppm and ~6.1 ppm were also observed, suggesting the successful linkage between GMA and HP. Correspondingly, the substitution degree of GMA in HPGMA was calculated to be 17%. The successful syntheses of HAGMA and HPGMA carrying active carbon-carbon double bonds provided the opportunity to crosslink for the formation of HA-HP hybrid hydrogel under UV radiation.
Elemental analysis
The HPGMA content in HA-HP hybrid hydrogel was quantified by elemental analysis, as summarized in Table 1 . Based on the ratio of real sulfur element mass percentage in HA-HP hydrogel, i.e. 0.04 wt% for HA-HP-1%, 0.19 wt% for HA-HP-5%, 0.36 wt% for HA-HP-10%, and in HPGMA (3.87 wt%), the HPGMA content in hybrid hydrogel was calculated to be 1.03 wt%, 4.91 wt%, 9.30 wt% for HA-HP-1%, HA-HP-5% and HA-HP-10%, respectively. The actual HPGMA contents were very close to their feeding ratios, suggesting almost all the HPGMA molecules introduced in this system took part in the crosslinking reaction during the formation of HA-HP hydrogel. Thus, it could be seen that UV radiation was a highly efficient method for the preparation of HA-HP hybrid hydrogel.
Morphology observation
The cross-section morphologies of various HA-HP hydrogels are displayed in Figure 3 . All of the hydrogels exhibited an interconnected porous structure with a pore size of < 200 μm. This typical porous structure was in favor of cell intrusion and transport of nutrients and metabolites [22] . However, some differences in the pore morphology were also observed among these hydrogels. Pure HAGMA gel presented relatively homogeneous round pores with a smoother pore wall, as opposed to the irregular pores accompanying many wrinkles on the pore surface for HA-HP hydrogels. These results indicated that the incorporation of HPGMA had an effect on the pore formation and morphology of HA-HP hydrogel, which may be due to the interference of HPGMA molecular chains to the formation of HAGMA crosslinked network.
Water swelling ratio
Water swelling ratio, an important parameter of hydrogels in biomedical application governed by the hydrophilicity/ hydrophobicity and crosslinked network, dominates the solute diffusion and mechanical property of hydrogels [23, 24] . The water swelling ratios of various HA-HP hydrogels are shown in Figure 4 . HA bulk gel showed a high water swelling ratio of 96±2 indicative of its excellent hydrophilicity thanks to plenty of polar groups such as carboxyl and hydroxyl on the molecular chains. In contrast, the water swelling ratio of HA-HP hydrogel slightly increased with the HPGMA content and rose to 120±3 at 10 wt%, suggesting that a higher water absorption capacity was achieved by enhancing the HPGMA content. Good water absorption is often necessary for mimicking the microenvironment of cell growth in tissue regeneration [25] . As compared with HA bulk gel, the increase in water swelling ratio of HA-HP hydrogels might be owing to the highly hydrophilic HP with the highest electronegativity among all the polysaccharides and the formation of a looser crosslinked network in the case of more HPGMA feedings. This was similar to our previous HP-functionalized HA microgel, the internal crosslinked network of which got looser at an increasing HP content, so facilitating the water swelling [16] . Therefore, it was believable that the incorporation of HPGMA did have an effect on the crosslinked network and then impacted on the water swelling property of HA-HP hybrid hydrogel. Figure 5 shows the rheological properties of various hydrogels at low frequencies. All of the hydrogels presented a storage modulus (G′) independent of frequency, indicative of the covalent nature; meanwhile G′ values were much higher than the loss modulus (G″) values, suggesting that elasticity dominated these hydrogels [26, 27] . This typical elasticity of soft hydrogels mimicking the elastic extracellular matrix is advantageous to cell attachment and proliferation [24] . Among all of these hydrogels, HA bulk gel possessed the highest G′ value of about 800 Pa, as opposed to the slightly decreasing G′ value by raising the HPGMA content. This trend was adverse to that in water swelling ratio. Generally, the mechanical property of hydrogels was positively related to the crosslinking density [28] . Thus, the elasticity reduction of HA-HP hydrogel with the increase of HPGMA content should result from the negative effect of HPGMA molecules on the crosslinked network of HAGMA, maybe due to its heterogeneous distribution in HAGMA as well as the different molecular structure and substitution degree of GMA from HAGMA.
Rheological properties
BMP-2 loading capacity and delivery kinetics
In tissue engineering, the sustained delivery of GFs is usually necessary because of their in vivo short half-life and physicochemical instability [8] . Here, BMP-2 was used as the model GF for loading and delivery. The in site encapsulation of macromolecules such as GFs and proteins are generally adopted during the gelation in consideration of the difficulty of macromolecules entering a swollen gel [29, 30] . However, this method was not used in this work because UV radiation was at the risk of denaturing BMP-2. For this reason, dried hydrogels obtained after dehydration by ethanol solutions were used for BMP-2 loading by the aid of increasing volume and porous structure of various swollen hydrogels. The BMP-2 loading capacities of various hydrogels are shown in Figure 6 . With increasing the HPGMA content, the BMP-2 loading ability dramatically increased from 26±2 ng/mg to 65±5 ng/mg, which was very different from the slight increase in water swelling ratio that is generally considered as one important factor for solute encapsulation. This result indicated that the secondary association between HP and BMP-2 played a vital role in the reservation of BMP-2. This secondary association, essentially different from the covalent bonding, is considered to be reversible/irreversible primarily from the electrostatic interactions between N-and O-sulfated residues of HP and the lysine and arginine residues of GFs [31] . Thus, under natural conditions the encapsulated BMP-2 was likely to release from HA-HP hydrogel in a sustained manner, as shown in Figure 7 . A fast burst release of BMP-2 from HA bulk gel was observed, and all BMP-2 diffused outside within 4 days. However, the burst release was obviously alleviated after the conjugation of HP, especially for HA-HP-10% only about 40% of BMP-2 released at 4 days. Moreover, among these three HA-HP hydrogels, HA-HP-10% presented the slowest delivery profile, e.g. 93% for HA-HP-1%, 73% for HA-HP-5%, and 58% for HA-HP-10% at 28 days, suggesting that the increase of HPGMA content was in favor of the prolongation of delivery time thanks to the unique interaction between HP and BMP-2. These results revealed that the long-term sustained delivery of BMP-2 from HA hydrogel could be achieved by the incorporation of HP in the crosslinked network with a controllable content.
Conclusions
In this work, various HA-HP hybrid hydrogels were fabricated by photo-crosslinking to realize the sustained delivery of GFs for the potential application in soft tissue engineering. The actual HPGMA contents were very close to their feeding ratios, suggesting UV radiation was a crosslinking method with high efficiency for the preparation of HA-HP hybrid hydrogel. The incorporation of HPGMA had little effects on the pore formation and morphology, water swelling ratio, and mechanical properties of HA-HP hydrogel, but significantly impacted on the loading and delivery profile of BMP-2. The increase of HPGMA content could remarkably enhance the BMP-2 loading capacity, inhibit the early burst release and prolong the sustained delivery of BMP-2. Thus, HA-HP hybrid hydrogel with a controllable HP content was a promising scaffold material for the sustained delivery of GFs in soft tissue engineering.
